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VWUDLQVWDWHDVZHOODVWKHYDULDWLRQRIWKHPDWHULDOEHKDYLRU7KHPHWKRGLVIOH[LEOHDQGUHOLDEOHDQGWKHVHWXSLVQRW
WRRFRPSOLFDWHGWKHVHDGYDQWDJHVOHDGXVWRFRQVLGHULWSDUWLFXODUO\VXLWDEOHIRUWKHDQDO\VLVRISDUDPHWHUVRIIUDFWXUH
PHFKDQLFV /HW PH UHPHPEHU VRPH GLVFXVVLRQV ZLWK P\ FROOHDJXH DQG IULHQG 3URI 3DROR /D]]DULQ DERXW WKH
SRVVLELOLW\RIPRQLWRULQJWKHSDUDPHWHUVRIWKHIUDFWXUHDQGLQSDUWLFXODUWKH.WKURXJKRSWLFDOPHWKRGV,QRUGHUWR
YHULI\H[SHULPHQWDOO\VRPHVWXGLHVFRQGXFWHGE\KLPLQWKHRU\>@KHVXJJHVWHGWKHPHWKRGRIFDXVWLFVDVDQ
RSWLPDOPHWKRGIRUDQDO\]LQJWKHSDUDPHWHU.LQPL[HGPRGH7KHSUHVHQWSDSHULVRXUILUVWDSSURDFKWRPHDVXUHWKH
.SDUDPHWHUHLWKHULQPRGH,RULQPL[HGPRGH
7KHWHVWVZHUHSHUIRUPHGILUVWRQDQRSWLFDOEHQFKRQZKLFKLVPRXQWHGWKHV\VWHPORDGVRZHFDQXVHWKHIDFLOLWLHV
RIWKHODERUDWRU\RIRSWLFVIRUWKDWUHDVRQKDVEHHQUHDOL]HGDV\VWHPGHVLJQHGIRUVPDOOORDGV,QDVHFRQGWLPHWR
XVHKLJKHUORDGVDQGWRWU\WKHILUVWDSSURDFKWRPL[HGPRGHLWLVSUHIHUUHGWRPRXQWWKHRSWLFDOV\VWHPVRQDWHVWLQJ
PDFKLQH
'HVFULSWLRQRIWKHLQYHVWLJDWLRQ
7KHWHVWVZHUHSHUIRUPHGRQ300$VSHFLPHQVLQIRUPRIFRPSDFWWHQVLOH&7WHVWUHDOL]HGE\ZDWHUMHWFXWWLQJ
DVVKRZQLQ)LJXUH7KHZDWHUMHWWHFKQLTXHDVVXUHVWKHZRUNLQJRIWKHSRO\PHUZLWKRXWOHDYLQJFRQVLGHUDEOHUHVLGXDO
VWUHVVHVDVSXW LQHYLGHQFHVXEPLWWLQJWKHVSHFLPHQVWRDSUHOLPLQDU\SKRWRHODVWLFDQDO\VLV7KHWKLFNQHVVWZDV
FKRVHQDWPPLQRUGHUWRDYRLGODUJHVWUHVV7KHPDWHULDOZDVILUVWO\WHVWHGWRGHWHUPLQHWKHHODVWLFSDUDPHWHUVE\
WUDGLWLRQDOWHVWV7KHPHDVXUHRIWKH<RXQJ¶VDQGWKH3RLVVRQ¶VPRGXOLZDVSHUIRUPHGE\ORQJLWXGLQDODQGWUDQVYHUVDO
VWUDLQJDXJHVDQGWKHLUYDOXHVZHUH( 03DDQGQ UHVSHFWLYHO\


)LJ7KHVSHFLPHQVXVHGIRUWHVWV
2.1. Loading setups 
7KHILUVWVHULHVRIWHVWVZDVFDUULHGRXWRQDVSHFLILFWHVWLQJPDFKLQHRQSXUSRVHUHDOL]HG)LJXUHWRSHUIRUP
VLPSOHRSHQLQJWHVWVRQWKH&7VSHFLPHQXQGHUGLVSODFHPHQWFRQWURODWORZORDGLQJOHYHO7KHORDGLQJGHYLFHZDV
EXLOWXSRQDQDOXPLQXPIUDPHE\DVVHPEOLQJDQHOHFWURVWDWLFDFWXDWRU03K\VLN,QVWUXPHQWHRQOLQHZLWKWKH
VSHFLPHQDQGDORDGFHOO7HNNDO//%6$FRQWUROOHU0HUFXU\,,&KDQGOHGWKHGLVSODFHPHQW,Q7DEOH
WKHPDLQFKDUDFWHULVWLFVRIWKHGHYLFHVZHUHVKRZQ7KHVSHFLPHQVZHUHFRQQHFWHGWRWKHORDGLQJFKDLQE\VLPSOH
JULSVUHDOL]HGE\8VKDSHGVWHHOIUDPHVEROWHGWRWKH&7KROHV
7KHGDWDZHUHDFTXLUHGE\WKH6SLGHUDFTXLVLWLRQV\VWHP7KHDFWXDWRUGLVSODFHPHQWVDQGWKHORDGLQJGDWDZHUH
FRQWUROOHGE\VSHFLILF/DE9,(:VRIWZDUH$VFKHPHRIWKHEORFNGLDJUDPLVVKRZQLQ)LJXUH

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7DEOH'HYLFHVFKDUDFWHULVWLFV
$FWXDWRU  /RDGLQJFHOO  &RQWUROOHU 
0RGHO 3,0 0RGHO 7HNNDO//%6 0RGHO 0HUFXU\,,&
0LQLQFUPRWLRQ PP 6HQVLVWLYLW\ P99 7\SH 6WDQGDORQH'&VHUYRPRWRU
9HORFLW\ PPV 5DQJH 1 6HUYR ELWYHORFLW\ELW3,'
)RUFH 1 %ULGJH [ (QFRGHU $%77/VLJQDOVFRXQWVV
0RWRUW\SH '&PRWRUJHDUKHDG /LQHDULW\ IV &RPPDQGVHW KLJKOHYHO

)LJ7KHWHVWLQJPDFKLQHIRUWKHILUVWVHULHVRIWHVWV

7KHVHFRQGVHULHVRIWHVWVZDVFDUULHGRXWRQWKHVDPHNLQGRIVSHFLPHQVPRXQWHGRQD=ZLFN5RHOO=VWDWLF
WHVWLQJPDFKLQHE\DJULSSLQJV\VWHPDEOHWRPRGLI\WKHQRWFKRULHQWDWLRQLQRUGHUWRVLPXODWHWKHPL[HGPRGHVIURP
PRGH,WRPRGH,,)ROORZLQJWKHOLWHUDWXUH>@WKHV\VWHPRI)LJXUHZDVDGRSWHGFRQVLGHULQJVRPHYDULDWLRQVWR
ILWWKHJULSVWRWKHSRVVLELOLW\RIWUDQVPLWWLQJWKHODVHUOLJKW7KHSHULPHWHUKROHVQXPEHUZDVPRGLILHGWRVL[DWDERXW
GHJUHHVDQGWKHKROHGLDPHWHUZDVHQODUJHGWRPP7KHJULSVZHUHFDUULHGRXWLQ$,6,VWHHOE\ZDWHUMHW
FXWWLQJ7KHDVVHPEO\ZDVSHUIRUPHGVRWKDWDIWHUWKHVSHFLPHQPRXQWLQJWKHOLQHMRLQLQJWKHKROHVFRQQHFWHGWRWKH
JULSVRIWKHWHVWLQJPDFKLQHSDVVWKURXJKWKHQRWFKDSH[7KHILUVWDQGODVWKROHVDOORZWKHDSSOLFDWLRQORDGLQJLQWKH
PRGH,DQG,,UHVSHFWLYHO\
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



)LJ%ORFNGLDJUDPDQGIURQWSDQHOIRUWKHDFTXLVLWLRQV\VWHP




)LJ*ULSVDGRSWHGIRUWKHPL[HGPRGH
2.2. Testing setups 
7KHILUVWVHULHVRIWHVWVZDVSHUIRUPHGRQDQRSWLFDOEHQFKDVVKRZQLQ)LJXUH7KHODVHUVRXUFH&RKHUHQW'366
ZDVPRXQWHGRQWKH1HZSRUWKRORJUDSKLFEHQFKDQGDPDJQLILHUOHQV[H[SDQGHGWKHJUHHQODVHUEHDP7KH
H[SDQGHGODVHUEHDPDIWHUKLWWLQJWKHVSHFLPHQQRWFKDSH[LVVKDUHGLQWKHWUDQVPLWWHGDQGUHIOHFWHGEHDPV7ZR
JURXQGJODVVVFUHHQVSODFHGDWWKHVDPHGLVWDQFHPRUPIURPWKHVSHFLPHQDQGQRUPDOWRWKHEHDPVDOORZ
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WKH YLVLRQ RI WKH FDXVWLFV %HKLQG HDFK RI WKHP D FDPHUD UHFRUGHG WKH LPDJH%HFDXVH WKH EHDP H[SDQGHG WKH
PDJQLILFDWLRQIDFWRULVJUHDWHUWKDQ
)RUWKHVHFRQGVHULHVLQVWHDGWKHODVHUVRXUFHWKHEHDPH[SDQGHUDQGWKHVFUHHQVZHUHSODFHGGLUHFWO\RQWULSRGV
LQIURQWRIWKHWHVWLQJPDFKLQHDQGWKHLPDJHVZHUHDFTXLUHGE\DFRXSOHRIEZYLGHRFDPHUDV'0.*ZLWKD
UHVROXWLRQRI[SL[HOVDWIUDPHVV2QWKHYLGHRFDPHUDERG\WZROHQVHV+)+$%PPDQG
+)+$%PPZHUHPRXQWHGDWWKHWZRVFUHHQGLVWDQFHV%HFDXVHRIWKHQHHGWRV\QFKURQL]HWKHLPDJHV
ZLWKWKHDSSOLHGORDGVDVSHFLILFURXWLQHLQ/DE9,(:ZDVFRGHG
7KHGLDPHWHUVRIWKHFDXVWLFVZHUHPHDVXUHGE\FRXQWLQJWKHSL[HOVDQGSURFHVVLQJLWXVLQJ0DWODEVFDOLQJWKH
PHDVXUHRIWKHFDXVWLFVGLDPHWHURQWKHEDVLVRIDNQRZQVL]HLQWKHVDPHLPDJH)LJXUH


)LJ7KHH[SHULPHQWDOVHWXSIRUWKHILUVWVHULHVRIWHVWV


)LJ0HDVXUHRIWKHGLDPHWHUIRUWUDQVPLWWHGDDQGUHIOHFWHGEFDXVWLFV
2.3. FEM analysis 
,QRUGHUWRKDYHVRPHPRUHDFFXUDWHLQIRUPDWLRQDERXWWKHORDGWRDSSO\DQXPHULFDOVLPXODWLRQZDVFDUULHGRXW
7KHPHVKZDVUHDOL]HGXVLQJWULDQJXODUHOHPHQWVZLWKQRGHV7KHVSHFLPHQZDVSODFHGZLWKWKHQRWFK
KRUL]RQWDO LQPRGH,DQGYHUWLFDO LQPRGH,,7KHFRQVWUDLQWVZHUHPRXQWHGLQVLGHWKHORZHUKROH WRVLPXODWH WKH
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FRQWDFWEHWZHHQWKHFRD[LDOF\OLQGHUDQGWKHKROHLWVHOI7KHIRUFHZDVDSSOLHGLQWKHYHUWLFDOGLUHFWLRQDFWLQJRQWKH
LQQHU VXUIDFHRI WKH WRSKROHZLWK LQWHQVLW\XS WR17KHPD[LPXPVWUHVV LV DERXW03DZLWKPD[LPXP
GLVSODFHPHQWRIDERXWPPIRUPRGH,DQG03DZLWKPD[LPXPGLVSODFHPHQWRIDERXWPPIRUPRGH,,
$VDQH[DPSOH)LJXUHVKRZVWKH9RQ0LVHVVWUHVVHVDQGWKHGLVSODFHPHQWVREWDLQHGIRUPRGH,DW1

 
)LJ9RQ0LVHVVWUHVVHVDDQGGLVSODFHPHQWVEIRUPRGH,DW1
2.4. Tests procedure 
$VZHOONQRZQE\OLWHUDWXUHQHDUWKHFUDFNWKHVWDWHSDVVHVIURPSODLQVWUDLQWRSODLQVWUHVVVWDWH7REHVXUHWKDW
WKHPHDVXUHLVSHUIRUPHGLQSODQHVWUHVVWKHFDXVWLFVUDGLXVUPXVWEHJUHDWHUWKDQWKHKDOIWKLFNQHVVRIWKHVSHFLPHQ
,QWKLVFDVHLWLVSRVVLEOHWRXVHWKH:LOOLDPV&DZRRGIRUPXOD>@
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
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)LQDOO\WHVWVZHUHSHUIRUPHGLQPL[HGPRGHPRGLI\LQJWKHDQJOHRIWKHVXSSRUW)LJXUHUHVSHFWWKHORDG
DSSURDFKLQJWRGHJUHHVPRGH,EHFRPHVSUHGRPLQDQWWKHLQIOXHQFHRIPRGH,,LQFUHDVHVFORVHWRGHJUHHV7KH
WHVWVZHUHFDUULHGRXWDWDQGGHJUHHVZLWKD1ORDGDWWKHWZRVFUHHQVGLVWDQFHVRI
PDQGP)XUWKHUWHVWVZHUHSHUIRUPHGRQVSHFLPHQVZLWKWKHVDPHSODQHJHRPHWU\EXWPPWKLFNQHVVDW
1DQG1ZLWKWKHVDPHVHTXHQFHRIDQJOHV


)LJWUDQVPLWWHGDDQGUHIOHFWHGEFDXVWLFVDW1DQGVFUHHQVGLVWDQFHP
5HVXOWV
7KHUHVXOWVRIWKHVHULHVRIWHVWFDUULHGRXWE\WKHHTXLSPHQWVSHFLDOO\GHVLJQHGDQGWKHILUVWH[SHULPHQWDOVHWXS
)LJXUHVDQGDUHVKRZQLQ7DEOHIRUWKHVFUHHQVGLVWDQFHRIPDQGPUHVSHFWLYHO\7KHGLDPHWHUVRIWKH
WUDQVPLWWHGDQGUHIOHFWHGFDXVWLFVDQGWKHFRUUHVSRQGLQJUDGLLDUHUHSRUWHG7KHWKHRUHWLFDOYDOXHVRI.,DUHGHULYHGE\
(T  WKH H[SHULPHQWDO RQHV .,W DQG.,U DUH GHULYHG E\ (T  FDOFXODWLQJ WKH UDGLL UW DQG UU E\ (T 
FRQVLGHULQJPW IRU WKHWUDQVPLWWHGEHDPDQGPU IRU WKHUHIOHFWHGEHDP,QWKHVDPHWDEOH WKHHUURU LQ
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